The effects of 1-decyl-3-methylimidazolium bromide on activated sludge process and microbial composition were investigated. Ionic liquid (IL) was dosed continuously to the laboratory activated sludge system at an influent concentration from 1 to 20 mg l À1 for about 1 month. As compared to the control test, mean values of degree of chemical oxygen demand removal and degree of biochemical oxygen demand removal were almost remaining constant at a high level, equaling 92.6% and 98.1%, respectively. In addition, no influence of IL on size and shape of flocs was observed. The values of the sludge biotic index indicate that sludge exposed on IL was stable and very well colonized with good biological activity. Increases in Proteobacteria (mainly Variovorax sp., Vogesella sp., Hydrogenophaga sp.), Bacteroidetes (mainly Lewinella sp., Haliscomenobacter sp., Runella sp.)
INTRODUCTION
Activated sludge technology is widely applied in wastewater treatment plants. These microbial associations comprise mainly bacteria, protozoa and fungi, of which bacteria play a major role in the transformation, degradation and storage of a wide range of organic and inorganic compounds in wastewater (Yu & Zhang ) . Nonetheless, the diverse composition of the wastewater may cause lower effectiveness of wastewater treatment. This problem is recently being addressed for ionic liquids (ILs), compounds that have very interesting properties such as thermal and chemical stability, high conductivity and low vapour pressure. ILs are already used on an industrial scale for pharmaceutical intermediates production, extractions, as electrolytes for lithium batteries and as additives to a new range of paints, for improved finish and drying properties (Plechkova & Seddon ) . The industrial production of ILs and their utilization along with wide applicability of ILs may cause an increase of their presence in wastewater. Therefore, these hardly biodegradable compounds may become persistent pollutants in wastewater. In a previous study, it has been shown that the presence of 1-alkyl-3-methylimidazolium salts at low concentration in wastewater (1 mg l À1 , 5 mg l À1 ) did not detrimentally affect the biological wastewater treatment process (Gendaszewska & Liwarska-Bizukojc ) . However, at higher concentrations in wastewater (25 mg l À1 , 50 mg l À1 ) the presence of this compound caused the decrease of activated sludge flocs size, biomass concentration and removal of organic pollutants from wastewater. The strongest effect on activated sludge was observed for 1-decyl-3-methylimidazolium bromide (Gendaszewska & Liwarska-Bizukojc ) . Therefore, this IL was chosen for the adaptation test described in this paper.
Adaptation of microorganisms is defined functionally as an increase in the rate of degradation with exposure to a chemical compound (Aelion et al. ) . Three processes, horizontal gene transfer or mutation, induction of specific enzymes and population changes, are responsible for microbial adaptation. All mechanisms may occur simultaneously or one of them may dominate (Markiewicz et al. ) . Adaptation has been found to occur in many different environments including surface soil systems (Fournier et al. ) and estuarine ecosystems (Pfaender et al. ) and is interesting in the context of this work during wastewater treatment ( Jianlong ; Markiewicz et al. ) . Jianlong () has compared the effects of di-n-butyl-phthalate (DBP) on both acclimated and unacclimated activated sludge in batch reactors. Although unacclimated activated sludge could not degrade DBP, the acclimated activated sludge could degrade DBP completely within 100 h. It was found that acclimated sludge could use the mentioned xenobiotic as a sole organic carbon source ( Jianlong ) . In other studies, removal of 1-methyl-3-octylimidazolium chloride, after sludge adaptation, has been enhanced. Nearly 30fold increase of biodegradation rate was obtained after 2 months' adaptation period. Additionally, complete degradation of imidazolium ring was observed (Markiewicz et al. ) . Therefore, it can be assumed that adaptation of activated sludge to ILs present in wastewater can improve the biodegradation rate of these chemical compounds and, as a consequence, can improve the effectiveness of organic pollutant removal from wastewater. Unfortunately, adaptation to the given substance did not occur in each case. Aelion et al. () investigated adaptation and biodegradation processes of xenobiotic compounds by microbial communities. For chlorobenzene and 1,2,4-trichlorobenzene no adaptation was observed after 8 months of incubation. The most probable reasons for this situation were the lack of complete enzyme systems, accumulation of toxic degradation products or insufficient cell density of inocula. In spite of this, it can be assumed that the adaptive capacity of the bacteria community in activated sludge depends on sludge activity, exposure time, chemical structure and initial concentration of the given xenobiotics in wastewater.
In this study, the molecular methods based on 16S rRNA genes such as Illumina sequencing technologies have been used to profile the microbial community structure of activated sludge adapted and non-adapted to IL. This novel method has been applied in marine water, soil and wastewater treatment plant (Yu & Zhang ) . Knowledge about bacterial diversity in activated sludge is still limited due to an enormous number of species. Therefore, to our knowledge, this is the first research report focused on microbial structure of activated sludge adapted to imidazolium IL. The main aim of this study was the adaptation of activated sludge to 1-decyl-3-methylimidazolium bromide present in wastewater and recognition of bacterial groups involved in the processes of activated sludge floc formation during the adaptation process. Additionally, the changes in morphology of flocs were investigated.
MATERIALS AND METHODS

Ionic liquid
The adaptation process of activated sludge was performed for 1-decyl-3-methylimidazolium bromide, denoted as [C 10 MIM][Br]. This substance was purchased from Ionic Liquids Technologies GmbH (Denzlingen, Germany). The purity of [C 10 MIM][Br] was 98%. This IL was chosen because of its strong inhibition effect on activated sludge in the previous study (Gendaszewska & Liwarska-Bizukojc ) .
Adaptation procedure
The activated sludge was taken from the aeration chamber of a combined wastewater treatment plant in Lodz (Poland). Activated sludge had typical properties, i.e. the total suspended solids (TSS) were 3.72 ± 0.71 g l À1 and the volatile suspended solids (VSS) were 3.25 ± 0.12 g l À1 . Sludge volume index (SVI) was 120-138 ml g À1 . Flocs were small and medium size (mean diameter 112-145 μm) and irregular (circularity 0.295-0.328) with a small amount of filamentous bacteria. The main part of the experiment was conducted in the laboratory activated sludge system which contained two aeration chambers coupled with two single clarifiers. The total working volume of this system was 7.8 L. The working volume of the aeration part was 5.6 L. The experiment was conducted at ambient temperature. The detailed description of the system design was described in the former study (Liwarska-Bizukojc & Bizukojc ). The influent was delivered continuously to the aeration chambers with the volumetric flow rate at 4.50 ml min À1 . Experimental runs consisted of two parts. In the first stage, the experiments were conducted only for synthetic wastewater without the presence of IL in the influent. The composition of the synthetic wastewater was as follows: 300 mg peptone, 100 mg sodium acetate, 50 mg potassium monophosphate, 50 mg sodium bicarbonate, 50 mg ammonium hydrophosphate, 5 mg magnesium sulphate and 5 mg sodium chloride per litre. The initial chemical oxygen demand (COD) and biochemical oxygen demand (BOD 5 ) of wastewater used in the experiments was 420 ± 5 mg O 2 l À1 and 255 ± 10 mg O 2 l À1 , respectively. Also, the initial total nitrogen and phosphorus contents were approximately 50 mg l À1 , and 20 mg l À1 , respectively. The duration of the first stage was 1 week. In the second stage, the experimental runs were performed with the IL as the influent to one chamber and with the synthetic wastewater as the influent to the second chamber (control run). Increasing concentrations of IL (1, 5, 10 and 20 mg l À1 ) were added at every 5-day interval. The concentrations of IL were kept constant until the next increase of IL concentration. The total time for the adaptation test was about 1 month.
Identification of bacteria in activated sludge
Bacterial DNA was isolated from the last samples of activated sludge adapted to IL and the control sludge. These analytical samples were collected into a sterile plastic 250 ml container and kept frozen at À20 W C until further treatment. Total DNA was extracted from each sample using a Bead-Beat Micro Gravity DNA isolation kit (A&A Biotechnology, Poland) according to the manufacturer's instruction. The isolation kit contained a Micro AXD column, gravity tube, tube containing zirconia/silica beads, Proteinase K, special buffers and solutions. After the extraction procedure the tube with the isolated DNA was stored for further analysis.
In the second step next-generation sequencing was performed. It included amplification of the V4 hypervariable region of the 16S rRNA gene and sequencing on the MiSeq sequencer with automated data analysis. The variable region (V4) of bacterial 16S rRNA gene (an amplicon of 459 bp) provides sample information for taxonomic classification of microbial communities. Bacterial 16S rRNA genes were amplified using universal primers 515F (5 0 -GTGCCAGCMGCCGCGGTAA-3 0 ) and 806R (5 0 -GGAC-TACHVGGGTWTCTAAT-3 0 ) and published amplification parameters (Caporaso et al. ) . These primers were designed with overhang nucleotide sequences for annealing to Illumina primers with identifier indices and sequencing adaptors. Polymerase chain reaction (PCR) was carried out using NEBNext ® High-Fidelity 2X PCR Master Mix according to the manufacturer's recommendations. Libraries were then normalized and pooled prior to sequencing. Samples were sequenced using an Illumina MiSeq with a commercial kit from Illumina. Finally, MiSeq Reporter version 2.4 was used to perform downstream analysis. A taxonomic classification was performed using the Greengenes database (DeSantis et al. ).
Analytical methods
BOD 5 , COD, total solids, volatile solids, TSS, VSS and SVI were measured according to Standard Methods (APHA-AWWA-WPCF ). These designations were carried out every second day of the adaptation process for sludge adapted to IL and three times for control sludge. In addition, sludges adapted to IL and control sludge were subjected to microscopic observations from time to time. The basic morphological parameters of the flocs, i.e. projected area, perimeter, diameter, convexity and circularity, were measured using digital image analysis. The projected area is easy to find by pixel count and then multiplication by scaling factor. Mean diameter was measured as the lengths of lines between two points on the boundary of the object going through its centroid. The convexity is defined as the ratio of taut string perimeter to perimeter. Circularity is the ratio of the observed perimeter to the perimeter of a circle of the same area as the measured one. Details of image analysis procedures for activated sludge flocs were presented elsewhere (Gendaszewska & Liwarska-Bizukojc ) . Also, the values of sludge biotic index (SBI) were estimated. The SBI is an objective index which is based on the microfauna associated with activated-sludge mixed liquor. This index may range from 0 (the poorest condition) to 10 (the best condition). It was determined in accordance with the appropriate procedure (Madoni ).
RESULTS AND DISCUSSION
Characteristics of the activated sludge during adaptation process
The adaptation process lasted for a month and [C 10 MIM][Br] concentration increased stepwise from 1 to 20 mg l À1 . It was found that the presence of the imidazolium liquid in wastewater affected the biomass concentration expressed as VSS (Figure 1) . The presence of IL in wastewater at the first and third concentrations (1 and 10 mg l À1 ) caused a decrease of activated sludge biomass concentration. However, at the end of the adaptation process, when IL was added at 20 mg l À1 to wastewater, there was a rapid increase of VSS from 2.71 to 3.82 g l À1 . However, although the results are ambiguous, it is legitimate to claim that the variability of VSS was caused by addition of IL to wastewater. This is due to the fact that the presence of the IL in wastewater at higher concentration (10 mg l À1 ) caused a decrease of activated sludge biomass concentration. And at the end of process the increase of activated sludge biomass concentration was observed, which may suggest adaptation of activated sludge to the new condition. The values of VSS in the control test were in the range from 2.69 to 3.58 g l À1 .
At the same time the SVI was also determined. The changes of SVI are presented in Figure 2 . For the first 10 days of the adaptation process there was a significant decrease in SVI from 145 to 87 ml g À1 . The highest decrease in SVI was exerted by the IL at the first and third concentration, which is in agreement with the aforementioned observations concerning the biomass concentration of activated sludge. At the end of the adaptation process SVI increased to 153 ml g À1 . In practice, this index can vary from 50 to 300 ml g À1 . However, the preferred range is 75-150 ml g À1 , which is an indicator of good settling properties of the sludge. Sludge with SVI over 150 ml g À1 has a tendency to bulk, and the current study also confirmed this. The probable reason for very high SVI value during the adaptation process was the growth of the filamentous bacteria (Janczukowicz et al. ) . Also, the sediment properties of sludge adapted to IL have deteriorated. The values of SVI in control sludge were in the range from 100 to 156 ml g À1 .
To investigate the effect exerted by the imidazolium IL on size and shape of activated sludge flocs, the most important morphology parameters of flocs were determined. The mean diameters of flocs in the control sludge were 142.7 μm and were similar to the mean diameters of flocs exposed to IL (on average 132 μm) (Figure 3 ). According to the Eikelboom and van Buijsen classification, activated sludge flocs of diameter in the range from 100 to 150 μm are classified as medium size (Eikelboom & van Buijsen ) . This flocs size is characteristic for activated sludge from the combined wastewater treatment plant in Lodz (Gendaszewska & Liwarska-Bizukojc ) . The changes of flocs mean the projected area had the same character as the changes of mean diameter and were equal to 23,410μm 2 and 29,311 μm 2 in the test with IL and for the control run, respectively. Circularity and convexity of activated sludge flocs did not vary significantly during the experiments. They were slightly higher for the control run than for sludge exposed on IL. In the performed experiments no significant changes in size and shape of flocs were observed. It indicated that the presence of IL did not affect sludge morphology.
The values for the degree of COD removal and BOD 5 / COD ratio for sludge adapted to IL are compared in Figure 4 . Mean value of the COD removal degree in the test with IL was 92.6%, while for the control test it was 93.3%. For activated sludge exposed to IL, the COD removal efficiency almost remained constant even when IL concentration was 20 mg l À1 . A similar phenomenon was also observed with respect to DBP. Jianlong () found that the COD removal efficiency was not adversely affected even when DBP concentration in wastewater was as high as 500 mg l À1 (Jianlong ). High level of COD (from 89.5 to 97.0%) and BOD 5 (from 97.2 to 99.4%) removal efficiency for sludge exposed to IL meant that adaptation could have slightly increased the biodegradation rate of the tested compound. It should be noted that sorption of IL onto activated sludge can also allow for enhanced removal. As described earlier, [C 10 MIM][Br] undergoes sorption to a small extent and makes this compound more accessible for activated sludge microorganisms (Liwarska-Bizukojc & Gendaszewska ). It indicated that sorption played an important role in the removal of the IL from wastewater. These observations agree with previous findings concerning the adaptation process of sludge to 1-methyl-3-octylimidazolium chloride (Markiewicz et al. ) . The ratio of BOD 5 / COD was estimated as well. During the first stage of the adaptation process, it equals 0.64. This means that wastewater contained readily biodegradable compounds. At higher concentrations (10 and 25 mg l Àl ) the presence of IL caused the decrease of this value to 0.50, which indicated the presence of slowly biodegradable compounds in wastewater (Eckenfelder & Mustermann ) .
SBI calculated on the basis of microscopic observations was an important complement to the results of adaptation tests, which were described previously. The SBI was in the range of 8.5-9.0 and 7.0-8.0 in the test with IL and for the control run, respectively. The higher values for sludge adapted to IL indicate particularly good microfauna community, being able to perform good removal efficiencies. Therefore, activated sludge adapted to [C 10 MIM][Br] was stable and very well colonized with excellent biological activity and performance. The lower values of SBI for the control run indicate stable and well-colonized sludge, but of a lower biological activity (Madoni ) . Also, a reduction in the diversity of a community was observed. Massive expansion of rotifers and presence of small flagellates could be the result of long sludge age. In the case of sludge adapted to [C 10 MIM][Br], the composition of microorganisms changed during the adaptation process. Stalked ciliates, creeping ciliates, a single amoeba, rotifers, nematodes and tardigrades were the main microorganisms observed in this sludge. This microbial composition promotes efficient wastewater treatment (Madoni ) . The presented results showed that activated sludge could work effectively after exposure to [C 10 MIM] [Br] .
Evaluation of the microbial diversity in sludge
Analysis of 16S rRNA gene sequences by sequencing the V4 hypervariable region of the gene was the method used to identify the members of the bacterial community in activated sludge. First of all it should be noted that the differences between the bacterial composition of both the sludge adapted to IL and the control sludge were analysed at the end of the adaptation process. Analysing the results from molecular analysis, it was found that the bacterial compositions of sludge adapted to IL and the control sludge were similar but they differed by specific groups of bacteria. The most dominant phyla in activated sludge adapted to IL were Proteobacteria (53.6%), Bacteroidetes (19.9%), Chloroflexi (5.22%), Actinobacteria (4.84%), Firmicutes (3.69%) and Nitrospirae (3.13%). The percentage of these groups in control sludge were Proteobacteria (49.7%), Bacteroidetes (3.21%), Chloroflexi (11.3%), Actinobacteria (17.0%), Firmicutes (5.27%) and Nitrospirae (0.95%) ( Figure 5 ).
The percentage of unclassified bacteria at the phylum level was small in comparison with the ranges reported by Zhang et al. () for wastewater treatment plant (14-20%). According to the obtained results, the percentage of unclassified bacteria increased with the depth of classification. It means that the lower the taxonomic group, the higher the percentage of unclassified bacteria detected. For example, the sludge adapted to IL sample contained 5% (phylum), 6% (class), 8% (order), 10% (family) and 15% (genus) unclassified taxa, respectively. A similar phenomenon has been observed in another study (Zhang et al. ). Obtained results demonstrated that sludge adapted to IL and the control sludge had a typical composition of bacteria for the municipal wastewater treatment plants. The results of abundance of Proteobacteria were quite similar in both sludges (sludge adapted to IL and control sludge) and they are corresponding with the ranges reported by Beer et al. () and Zhang et al. () for full-scale activated sludge systems in Australia (33-72%) and Asia with North America (36-65%), respectively. The most abundant class within this phylum in sludge adapted to IL was the Gram-negative Betaproteobacteria (17.1%). It was almost 12% higher than in the control sludge. Hutalle-Schmelzer et al. () suggested that these bacteria may be involved in phenol degradation and can utilize acetate, a common byproduct of organic matter degradation. Therefore, the high percentage of this group in sludge adapted to IL could be explained by the fact that bacteria from this class play a significant role in organic matter degradation. Moreover, addition of IL to wastewater could induce the growth of these particular bacteria. A similar abundance of Betaproteobacteria in full-scale wastewater treatment plants was detected in another study and it was equal to 17% (Beer et al. ). The highest differences in microbial community between sludge samples were found for the Bacteroidetes phylum. The percentage of this group in sludge adapted to IL was 17% higher than in the control sludge ( Figure 5 ). The members of Bacteroidetes commonly occur in aquatic and soil environments, or as symbionts of plants, animals and humans. The most described bacteria isolated from this phylum are chemoorganotrophs, which use available organic compounds from the environment as a building material and energy source (Newton et al. ) .
What is interesting is that the increased growth of Actinobacteria was detected in the control sludge (17.0%). These Gram-positive bacteria were probably more sensitive to the presence of the IL in the wastewater. Therefore, the abundance of Actinobacteria in the sludge adapted to IL was much lower (4.84%).
At the genus level the differences in abundance of bacteria in both sludges were less apparent. Greater increases in Variovorax sp. (1.84%), Vogesella sp. (1.68%) and Hydrogenophaga sp. (1.05%) of phylum Proteobacteria; Lewinella sp. (12.3%) and Haliscomenobacter sp. (5.73%) of phylum Bacteroidetes; and Nitrospira sp. (3.12%) of phylum Nitrospirae were detected in sludge adapted to IL compared with the control sludge ( Figure 6 ).
Members of Variovorax, Vogesella and Hydrogenophaga genera are chemoorganotrophs and grow in aerobic conditions. Bacteria from Variovorax genus are frequently associated with important biodegradative processes in nature. They are involved in biotransformations, including atrazine degradation, nitrotyrosine assimilation and mineralization of some signal molecules (Jamieson et al. ) . Also, it was found that Hydrogenophaga strains can degrade and remove environmental pollutants such as polychlorinated biphenyls (PCB). Moreover, results suggest that the members from this genus have a potential use in the bioremediation of PCB-contaminated sites (Lambo & Patel ) . Regarding all these facts, increase in the number of chemoorganotroph bacteria from Proteobacteria phylum was caused by addition of 1-decyl-3-methylimidazolium bromide to wastewater. Excessive growth of filamentous bacteria such as Haliscomenobacter hydrossis could cause sludge bulking and high levels of SVI during the adaptation process (even 150 ml g À1 ), which can be clearly observed in Figure 2 . The percentage of Lewinella and Haliscomenobacter genera in the control sludge equaled 1.67% and 0.27%, respectively. Similarly small percentage of Lewinella (1.7%) in a municipal wastewater treatment plant was reported in another study (Ju et al. ) . Finally, increases in Nitrospira sp. were detected in sludge adapted to IL. Bacteria from this group are the most abundant nitrite-oxidizing bacteria (NOB) in most wastewater treatment plants (Wells et al. ) . The percentage of Nitrospira sp. in the control sludge was 2.17% lower than in the sludge adapted to IL. The most relevant reason for lower abundance of NOB in the control sludge is probably related to the deterioration in optimal growth conditions such as oxygen concentration or the loss of interactions with adjoining microorganisms. In short, there is need for more research into the impact of the adaptation process of sludge on the relationship between activated sludge microorganisms.
The results from the metagenomic analysis showed that both sludges had a typical composition of bacteria for municipal wastewater treatment. Also, the bacterial composition in activated sludge after exposure to IL was slightly different from the control run. The identified microorganisms, especially the heterotrophic bacteria were involved in the processes of activated sludge floc formation during the adaptation process.
